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Abstract 
Solid colloidal ensembles inherently contain water ad-
sorbed from the ambient moisture. This water, confined 
in the porous network formed by the building submicron 
spheres, greatly affects the ensemble properties. Inverse-
ly, one can benefit from such influence on collective fea-
tures to explore the water behavior in such nanoconfine-
ments. Recently, novel approaches have been developed 
to investigate in-depth where and how water is placed in 
the nanometric pores of self-assembled colloidal crystals. 
Here we summarize these advances, along with new ones, 
that are linked to general interfacial water phenomena 
like adsorption, capillary forces and flow. Water-
dependent structural properties of the colloidal crystal 
give clues to the interplay between nanoconfined water 
and solid fine particles that determines the behavior of 
ensembles. We elaborate on how the knowledge gained 
on water in colloidal crystals provides new opportunities 
for multidisciplinary study of interfacial and nanocon-
fined liquids and their essential role in the physics of 
utmost important systems such as particulate media. 
1. Introduction 
The behavior of a liquid interacting with a solid sur-
face [1,] is a fundamental subject for a vast number of 
phenomena. Topics such as adsorption and condensation 
[2,3], wetting and capillarity [4,5], or liquid-mediated 
forces [6−78] rely on the physics of liquid-solid interfac-
es at the smallest scales and are critical for many natural 
processes in e.g. geology [9], biology [10,11] or meteor-
ology [12]. Nowadays, such phenomena become ever 
more important in scientific and technological fields, the 
more, the smaller the relevant scales at play. Nanofluid-
ics [ 13 , 14 ], microseparation [ 15 , 16 ], super liquid-
repellency and superwettability [17,18], confined liquids 
[19,20] and nanotribology [21,22] are only some related 
issues of significance in current nanomaterials science. 
However, despite its importance, the behavior of interfa-
cial liquids is still far from being well understood, espe-
cially in confined environments. 
In turn, the properties of a solid system are often de-
termined by the presence of a liquid. This circumstance 
is especially true in systems composed of discrete parti-
cles, not only due to the high surface-to-volume ratio but 
also because the presence of a liquid dramatically affects 
the interparticle action −to a large extent through capil-
lary forces. No matter the particles size, the influence of 
a liquid (above all, water [23]) in such particulate sys-
tems essentially relies on interfacial features at the na-
noscale, which govern the behavior at the particle level. 
For instance, familiar examples are sand, which becomes 
‘workable’ when is wetted by liquid films 5-nm thick or 
less on the grains [24], and flour in everyone’s kitchen, 
which is sticky on rainy days through adsorption of a few 
water layers [25]. Set plasters are formed by gypsum 
crystallites linked by physisorbed water films ~ 1 to 10-
nm thick (from dry to saturation conditions) [26]; simi-
larly, clay swelling is typically due to moisture uptake of 
one to three water layers in the clay interlayer [27]. Fric-
tion and wear in soils, along with aging effects, depend 
on the presence of molecularly thin water films at the 
nanocontacts between mineral particles [28]. 
Particulate (or divided) systems generally refer to 
disperse phase systems containing particles disseminated 
in a continuous phase, and may extent, in the broadest 
sense, from protein solutions and bacterial cultures to 
interstellar systems [29]. In this article, we restrictively 
consider ternary solid-liquid-gas systems composed of a 
dense assembly of solid particles distributed in a gaseous 
environment that is partially filled by a liquid phase. 
These are referred to as (partially) wet or unsaturated 
particulate media, in which the liquid creates pendular 
(surrounded by gas phase) bridges between the particles 
exerting capillary interactions. By extension, one can 
include into this type capillary suspensions [ 30 , 31 ], 
which are dense particles-liquid-liquid systems governed 
by capillary forces. Unsaturated particulate media in-
clude solid colloidal aggregates [32], powders [33,34] 
and granular materials [35−,36,37]. Such systems are 
ubiquitous in nature (from soot to feathers to rocks and 
soils) as well as in technological and industrial materials, 
in intermediate or final form (coatings, desiccants, ce-
ments, pharmaceuticals, foodstuffs, modern ceramics, 
thermal and radiation shields, metallurgy...). Although 
the continuous phase in these media is formed, in princi-
ple, only by a gas (air, mostly), it virtually always in-
volves some amount of liquid, frequently due to the mere 
adsorption of water from the moist surrounding. For ex-
ample, the important influence of humidity in the me-
chanical behavior of powders and granular media ex-
posed to habitual atmospheric conditions 
[e.g.−, 38, 39, 40, 41] shows that water must be almost 
universally considered. Thus knowing its interaction 
with particles is essential for e.g. materials science, bio-
medicine, civil engineering, mining, catalysis, oil recov-
ery, agriculture and transport in soils, or even to prevent 
 erosion and natural hazards like landslides and ava-
lanches. 
Hence, the vast majority of divided media are wet 
particulate materials with huge practical interest. Never-
theless, most work has focused on dry particulate sys-
tems (solid-gas) [37,42,43] and, more recently, colloidal 
and granular suspensions (solid-liquid) [44,45] because 
of the much simpler binary-phase scenario −even so, 
they are still poorly understood. The additional fluid 
phase in the unsaturated case strongly complicates the 
picture and justifies that, apart from the phenomenology, 
the physics of wet particulate systems have been little 
studied and remains largely unknown [35,46]. One rea-
son is that, although liquid-particles behavior relies on 
nanoscale phenomena, most research has been limited to 
relatively large scales, from millimeter down to microm-
eter (as in wet granular media [24,35,36,39,47]).Thus, 
new experimental and theoretical approaches are needed 
to facilitate access to smaller scales, which is especially 
challenging for bulk features in such opaque systems. 
Another reason is that the treatment of particulate media 
is fundamentally complex because they are composed of 
unequal particles with irregular arrangement. In the pres-
ence of a liquid, knowing the distribution and interplay 
of the different phases becomes an extremely difficult 
task, principally at the nanoscale. In order to overcome 
these difficulties, one can consider a kind of both ‘tracta-
ble’ and ‘small’ divided systems such as solid colloidal 
crystals (CCs), which commonly designates three-
dimensionally ordered arrangements of self-assembled 
submicron, monodisperse spheres surrounded by air [48]. 
Thereby, in spite of the small particle scale, Brownian 
motion is suppressed by the compactness of the structure. 
Since the position, size and shape of the spheres are 
known, CCs constitute an attractive approach for the 
study of general features of particulate media. 
Our laboratory has lately dedicated much work to in-
vestigate the interfacial water in CCs, which is taken up 
from the surrounding moisture in significant and control-
lable amounts. In particular, studies focused on silica 
CCs, being silica-water a most essential system in nature 
and technology. Among versatility and availability, CCs 
possess two prominent advantages: 1) they have a well-
defined particles arrangement, as already mentioned; 2) 
as periodic dielectric structures, they exhibit photonic 
bandgaps (Figure 1) that, as it turns out, can be em-
ployed as a signal to probe water. Based on these charac-
teristics, innovative methods have recently been devel-
oped to study how water is nanoconfined in the opal in-
terstices [49]. In this article we summarize these latest 
techniques and describe former and new findings that not 
only teach about detailed nanometric features of water in 
opals but also open interesting perspectives on general, 
interdisciplinary liquid-solid physics. More specifically, 
we discuss possible links between CCs, as well-defined 
wet particulate materials, and general ternary particles-
liquid-gas systems which are relevant in many different 
fields. Important aspects found in CCs, especially those 
dependent on water content, like mechanical properties, 
are pointed out as useful analogies to e.g. wet granular 
materials to be exploited in the future. 
2. Water in Colloidal Crystals 
CCs (also referred to as artificial opals) are in their 
own right a relevant material class for numerous applica-
tions in photonics and energy [50,51], detection [52,53] 
or as atomic/molecular models [54]. For such uses it is 
important to know how the unavoidable presence of liq-
uid (e.g. from condensation of a surrounding gas atmos-
phere) affects their performance, although historically 
this issue has barely received attention. Other applica-
tions of CCs as membranes [55], nanostructured plat-
forms [56,57] and templates [58,59] depend on flow and 
diffusion processes of liquids in nanoconfinements such 
as the opal interstices. Any advance in the comprehen-
sion of these features is also beneficial for fields such as 
colloidal assembly or capillary/evaporation-assisted li-
thography [60,61]. 
We will show that CCs inherently contain a non-
negligible amount of water picked up from the ambient, 
especially if the constitutive spheres are hydrophilic, as it 
occurs in typical cases like silica opals. Water is demon-
strated to significantly affect the photonic properties of 
the ensemble, a fact that renders the CC a suitable lab-
on-a-chip to study the behavior of the confined liquid. 
This method, which provides an indirect means to know 
the water morphology within the CC, is complemented 
by quasi-direct visualization of the water structures. Spe-
cial attention is given to discern, under different condi-
tions, how water is distributed, whether located between 
the particles as capillary bridges (necks or menisci) or on 
the spheres surface as a wetting film. The distribution of 
the liquid phase between the solid particles is decisive 
for the behavior of CCs as well as any divided system, as 
it determines aspects such as the intergrain capillary at-
traction or the flow of liquid across the medium. Present-
ly there is no satisfactory manner to predict or measure 
such distribution. 
2.1. Water Adsorption in Silica CCs 
Submicron silica spheres (in particular, amorphous 
silica prepared by Stöber synthesis [62]) are extensively 
used for easy fabrication of high-quality face-centered-
cubic (fcc) artificial opals [63]. Silica exhibits high hy-
 
Figure 1 Typical reflectance spectrum of a CC (silica spheres with 335 
nm diameter) showing a photonic bandgap (Bragg peak). Inset: sketch of 
the CC and the simple recording scheme.  
 
 
 
 
 drophilicity due to the presence of a large number of 
−OH groups (silanols) at its surface [64]. In a humid am-
bient, water molecules in vapor phase tend to adsorb on 
the silanol groups through hydrogen bonds, building a 
monolayer or, potentially, a multilayer of successively 
adsorbed water molecules, until a wetting film is formed 
on the silica surface. This type of water, loosely bound to 
the silica surface by physical bonding, is referred to as 
physisorbed water. Its content depends not only on the 
density of surface silanols but also on the ambient condi-
tions, temperature (T) and relative humidity (RH), so this 
water readily begins to desorb (desorption or dewetting) 
by e.g. increasing the temperature or decreasing the am-
bient pressure. This amount of water in an untreated (as-
grown) silica CC can be directly measured by thermo-
gravimetry (TGA) from weight loss upon heating [65]. It 
is found that a very significant percentage of water, as 
large as ~ 7 wt.%, is physisorbed at room temperature 
(RT ≈ 25 ºC) and RH ≈ 40 %, which is easy to remove 
by gentle heating, until complete elimination at ~ 120 ºC 
(Figure 2a). Further heating leads to silanol condensation 
(at  150 ºC) and, consequently, loss of water affinity of 
the surface [65]. Such thermal annealing is a simple 
means to adjust the surface hydrophilicity of silica, 
which we employ to study the influence of the surface 
type. 
The RH dependence of water uptake gives further in-
sight into its provenience. Therefore, we performed wa-
ter adsorption isotherms in the silica CC, confirming the 
large amount of water present (Figure 2b). The water 
content at RH ≈ 40 % approaches 7 wt.%, in accordance 
with TGA. The form of the isotherm is signature of ini-
tial adsorption of a monolayer of water molecules at low 
RH, followed by a remarkable multilayer formation [2]. 
The convex shape at RH < 10 % (isotherm type II) de-
notes the presence of narrow micropores (< 1 nm) in the 
spheres. Such pores are expected in Stöber particles [66] 
while larger micropores (1-2 nm) are discarded by nitro-
gen adsorption measurements [65]. Thus, further water 
adsorption (up to 90% RH) appears to be due to multi-
layer formation on the outer surface of the spheres, con-
stituting the largest water contribution. Above 90% RH 
additional water uptake is visible, due to capillary con-
densation of water vapor in the porous CC structure, that 
is, in the gaps between spheres. 
For sake of comparison, similarly large amount of 
physisorbed water and analogous temperature behavior 
have been reported in comparable silica spheres assem-
blies [63,66−68]. Water isotherms in cellulose and phar-
maceutical powders also show a water content of ~ 6−10 
wt.% at moderate humidities, largely due to multilayers 
[69]. Clay minerals show multilayer adsorption above 
15% RH and contents of 5−10 wt.% at 40% RH [70,71], 
and setup of capillary condensation at 80% RH [71]. Ca-
pillary condensation is settled by the radius rk of the liq-
uid meniscus to be formed (Kelvin radius) given by rk = 
−Vm/RgTln(RH/100), where  is the liquid-gas surface 
tension, Vm is the molar volume of the liquid and Rg is 
the molar gas constant. In the CC interstices, which are 
in the range of tens of nm, capillary water condensation 
sets in only at high humidities, when rk is comparable to 
the pores dimensions (rk ≈ 5 nm at 90% RH). Capillary 
condensation at lower humidities would denote the exist-
ence of mesostructure. This is the case, for instance, of 
assemblies of mesoporous silica spheres with diameter in 
the 100-nm range, in which stepwise capillary condensa-
tion first occurs at 40−60% RH in the spheres pores of 
2−6 nm, and later at ~ 90% RH in the gaps between 
spheres [52,72]. Such step at intermediate RH is absent 
in the CC. 
Thus, silica CCs are macroporous structures naturally 
containing a considerable amount of water, mainly origi-
nated by multilayer adsorption in the voids formed be-
tween the spheres. It is worth noting that, before any 
measurement, samples were heated at ~ 120 ºC (for com-
plete dehydration while keeping the silica surface un-
changed) and cooled down to RT. Hence, spurious con-
tributions like excess water in suspension [28,64] or 
remnants from opal fabrication [73] can be safely ne-
glected. That is, we deal with water that truly comes 
from surrounding moisture and is an intrinsic part of the 
CC, along with the spheres and the interstices between 
them. In hydrophilic CCs like silica ones, the presence of 
water is very significant (7 wt.% water fills about half 
the volume of the voids of an ideal fcc opal), so it must 
surely be considered in order to faithfully characterize 
the opal. The distribution and behavior of this water in a 
CC was unknown until recently. Two original approach-
es were used to investigate the water morphology in such 
nanoconfinments, as described in the next Subsections. 
2.2. PBG Method: The CC as Lab-on-a-Chip  
A prominent use of CCs is as 3D photonic crystals.  
Indeed, the well-ordered spheres arrangement composes a 
periodic dielectric material, in which light cannot be 
transmitted in certain energy ranges, referred to as stop-
bands or photonic bandgaps (PBGs). The lowest-energy 
PBG, or Bragg peak, is associated to the diffraction pro-
duced by the (111) family of crystallographic planes 
(Figure 1). The Bragg peak properties, described by the 
 
Figure 2 (a) TGA analysis of an as-grown silica CC (335-nm spheres). 
Adapted from Ref. 65 with permission. (b) Water adsorption isotherm on 
an as-grown silica CC (260-nm spheres). Adapted from Ref. 49 with 
permission. 
 
 
 
 position (Bragg) and width, are determined by the CC 
parameters. On the one hand, the dimensions and pack-
ing of the spheres define the lattice parameter a (the side 
of the fcc unit cell) and the filling fraction of the spheres 
f. On the other hand, the materials building the opal give 
the respective refractive indices, that is, the spheres (ns) 
and the media filling the voids (nv). An intuitive but only 
approximated description of the Bragg peak position is 
given by the Bragg’s law, which can be expressed (at 
normal incidence) as: 
  22 )1(  34/ =  vsBragg nfnfaλ  .           (1) 
Although not described by the Bragg’s law, the peak 
width depends on the dielectric contrast ns/nv and the 
lattice parameter, so that the width broadens for higher 
contrast and a. Experimentally, the width is taken as the 
full-width at half-maximum of the Bragg peak. 
For an ideal fcc structure, f =  0.74 and a =  √2 D (D 
being the spheres diameter). Conventionally, voids have 
been considered to be filled just by air (nv = 1). However, 
the non-negligible fraction of water in the CC must di-
rectly affect its photonic properties. This fact is illustrat-
ed by two simple, qualitative experiments: 1) some gas 
(dry air or nitrogen) is blown against the silica opal; 2) 
the atmospheric pressure surrounding the CC is reduced. 
In both cases, the optical spectrum is simultaneously 
measured. Figure 3 demonstrates that Bragg (and the 
width −not shown), significantly decreases in both tests, 
and it occurs in a reversible and fast manner. Such be-
havior has a trivial explanation if one considers the large 
amount of physisorbed water in the CC, which is suscep-
tible to easily change upon variation of the ambient con-
ditions. Concretely, in both experiments the water con-
tent decreases, and so it does the average refractive index 
in the opal voids, leading to blueshift of the Bragg peak 
(as simply deduced from Eq. (1)). The fast recovery of 
the shift demonstrates a rapid water re-adsorption by the 
CC. Such important role of adsorbed water, however, has 
been generally ignored and only exceptionally (and ra-
ther qualitatively) considered [63]. 
To establish a quantitative correspondence between 
Bragg peak and water is, however, more complicated 
because the PBG properties do not only depend on the 
amount of water. Indeed, its precise spatial distribution 
in the CC interstices is not included explicitly in the 
oversimplistic Bragg’s law and only averaged in nv and f 
values but decisively affects both peak position and 
width. The latter, which is often disregarded in opals 
characterization, is a pivotal experimental parameter to 
discern the water distribution, as discussed below. By 
adequately correlating the Bragg peak properties with a 
complete description of the CC (solid, liquid and gas 
phases), one can infer the morphology of the adsorbed 
water just by simple reflectance measurements. This is 
the approach we developed recently [74,75], in which the 
PBG is taken as a sensitive probe signal. Thus, the CC 
becomes a lab-on-a-chip, whose optical response pro-
vides access to structural information of any material 
within the pores network. We refer to this technique as 
the PBG method. 
The procedure consists in correlating the measured 
Bragg peak with the exact water distribution by using a 
simple model (Figure 4, left). Hereby, it is distinguished 
between (1) water placed in the voids, which is assumed 
to build up a homogeneous wetting film with uniform 
thickness d around the spheres surface, and (2) water 
placed between nearest−neighbor spheres forming a pen-
dular neck defined by size R (azimuthal radius) and 
thickness η (see figure). This bridge is assumed as axial-
ly-symmetric (gravity force negligibly affects capillary 
water in sub-millimeter pores [76]). Although such a 
liquid neck is known to generally approach a toroidal 
profile (circular approximation for capillary bridges 
[7,77]), the interface with air is here assumed to be flat 
for simplicity. The curvature of this interface (the merid-
ional radius of the meniscus, r), which is relevant for the 
resulting capillary force (see Section 3.3.1), can be 
straightforwardly obtained geometrically by imposing 
the circular approach. The model considers η ≥ 0, so 
some separation is allowed to exist between the spheres; 
that is, a nonclose-packed fcc structure is permitted for 
the CC. This is an important assumption in our model, as 
discussed later. Given the importance of capillary force, 
    
Figure 4 Left: Sketch of the modeled distribution pattern of the water in 
the CC assumed for the PBG method. A wetting film of thickness d on 
the spheres and a capillary neck between each two neighboring spheres, 
described by R and , are distinguished. The meniscus radius r can be 
obtained geometrically. Right: Limit cases for the ratio ρ, for which water 
is uniformly distributed on the spheres as a wetting film (ρ = 0, top) or 
entirely accumulates in the necks (ρ = 1, bottom). 
 
Figure 3 Bragg peak position (Bragg) of different silica CCs during chang-
ing ambient conditions. (a) Dry air is blown against the sample (identical 
results were obtained using nitrogen). (b) Decrease of atmospheric pres-
sure (low vacuum). The external action was set on and off at t=4 and 11 s, 
respectively. Note that the different time response are rather due to the 
dissimilar onset/offset times of the external action. Bragg was calculated 
from in situ fast-recorded (intervals of 2 ms) spectra. Reprinted from Ref. 
49 with permission. 
 
 
 
 another relevant aspect is how much water accumulates 
in the necks. This fact is conveniently apprehended by a 
further parameter ρ, dependent of the other ones, which 
is defined as the ratio of the water bridge volume to the 
total water volume. Thus, ρ→ 0 when the water entirely 
forms a wetting film (no bridges), and ρ→ 1 when it 
builds only bridges between the spheres without wetting 
film (Figure 4, right). 
The PBG method is applied to an experimental series 
in which controlled desorption of the physisorbed of CC 
is induced by gentle heating until complete dewetting, 
while measuring in situ the changes in the Bragg peak 
[74,75]. For each T, a number of triads of parameters {d, 
R, } is compatible with the corresponding amount of 
water (known from TGA), so any triad describes a possi-
ble distribution pattern. Using a simulation software that 
calculates the exact solutions for the PBGs, the Bragg 
peak properties are obtained for each possible case. We 
performed accurate calculations based on the plane-wave 
expansion method, which allowed for the computation of 
heterogeneous periodic structures having a nonuniform 
distribution [74]. Finally, an iterative process finds the 
three variables {d, R, } that fit best the measured PBG, 
and thus the water pattern in the CC is obtained along the 
experiment. Note that precise knowledge of the spheres 
diameter D is critical for the calculations (affecting the 
lattice parameter), but even electron microscopy yields a 
typical error of several nanometers, apart from the inevi-
table (although small) size dispersion. Measuring at the 
completely dewetted CC (T ~ 120 ºC) enables to accu-
rately establish D (at least, an ‘effective diameter’), as 
long as a strictly close-packed fcc structure is assumed 
when dehydrated. 
Water desorption has a straightforward effect (typical-
ly, in about 1 s) on the Bragg peak properties (Figure 5), 
which basically resembles the progression of the amount 
of water measured by TGA (Figure 2a), confirming their 
close correlation. As long as the CC was heated below 
150 ºC, the changes provoked in the PBG were fully re-
versible upon cooling the CC down and desorption and 
re-adsorption curves perfectly matched without hystere-
sis [74]. Such reversibility is a fundamental support that 
temperature only causes water desorption without any 
further structural changes in the opal, and it additionally 
confirms that we exclusively deal with water adsorbed 
from the ambient. By contrast, heating above 150 °C 
induced partial dehydroxylation of the silica surface [65] 
and prevented complete water re-adsorption, so the PBG 
did not fully recovered its original form and position at 
RT, showing a clear hysteresis loop.  
The desorption data (up to 150 ºC in Figure 5) allow 
to obtain the parameters {d, R, } in the hydrophilic (as-
 
Figure 5 Evolution of the Bragg peak properties of an as-grown CC (335-
nm silica spheres), Bragg (a) and width (b) upon three heating/cooling 
cycles (solid/empty symbols with same shape each). Between RT and 
150 °C (black squares and red solid circles), changes are reversible 
without hysteresis. After heating above 150 ºC (red circles and green 
triangles), partial irreversibility and pronounced hysteresis is observed. 
This behavior is schematized in the inset: below 150 ºC, black line; above 
150 ºC, red and green lines. Reprinted from Ref. 74 with permission. 
 
 
    
Figure 6 Top: Evolution of the parameters of the modeled water distribu-
tion (depicted in the inset) upon water desorption in as-grown (black 
symbols) and annealed (colored symbols) CCs of 335-nm silica spheres. 
Solid lines follow the values obtained at RT (open symbols). Bottom: 
Graphical representation of the water distribution (azimuthal view of an 
internal (111) plane) using the model parameters obtained for the as-
grown silica CC at RT. Water in the central sphere is not depicted to 
remark the wetting film. Adapted from Ref. 75 with permission. 
 
 grown) silica CC between RT and complete dewetting. 
These are shown in Figure 6 (black symbols) as function 
of the water content (decreasing values to the right side 
of the figure, as it is the change direction in the experi-
ment). At RT, the physisorbed water considerably con-
centrates between the spheres, building big necks (η = 12 
nm and R = 64 nm; these values lead to r ~ 20 nm by as-
suming contact angle  = 0º). The large η means that the 
spheres are substantially separated, forming a nonclose 
fcc packing. Note that this result is direct consequence of 
the pronounced narrowing of the PBG width upon de-
sorption, until 6% reduction (Figure 5b). As the dielec-
tric contrast increases (nv decreases down to 1), the ex-
pected width broadening must be counterweighed by a 
marked reduction of the lattice parameter upon 
dewetting, which makes necessary a nonclose configura-
tion at RT [74]. In spite of the accumulation in the necks 
(ρ = 0.6), water also builds relatively thick wetting film 
(d = 4.5 nm), which is consistent with the massive multi-
layer adsorption measured in Figure 2b. The modeled 
water distribution resulting from these parameters is 
graphically represented in Figure 6 (bottom).  
Upon water desorption, two marked regimes are ob-
served in Figure 6. First, down to ~ 2−3 wt.% water (T ~ 
60−70 °C), both d and quickly diminish until vanish-
ing, while R keeps constant. At this point, all the remain-
ing water is placed in the necks (ρ = 1), actually building 
an annulus around the contact points of the already 
touching spheres (close-packed fcc, η = 0). Second, be-
low ~ 2 wt.% water (T  70º C), further dehydration 
leads to abrupt decrease of R, since the annuli are the last 
reservoir of water. On the one hand, this behavior shows 
that water on the spheres surface (more exposed without 
an adjacent sphere) desorbs more easily than the water 
between the spheres. This is in accordance with the gen-
eral behavior in porous systems, in which higher temper-
atures are needed to dewet narrower pores, where the 
equilibrium vapor pressure is lower [1]. On the other 
hand, it seems that R remains constant until d vanishes, 
which suggests that water would flow from the wetting 
film, as long as it persists, compensating the volume loss 
of the neck. 
The influence of the surface in the water pattern is 
studied by employing the PBG method on progressively 
hydrophobic (annealed at increasing temperatures) silica 
CCs (Figure 6, colored symbols) [75]. The gradual loss 
of hydrophilicity logically leads to less amount of water 
at RT. The {d, R, } values deduced at the experiment 
start (empty symbols of each data set) show a well-
defined trend (solid lines) toward 0 in a perfect hydro-
phobic CC. Note that the spheres tend to adopt a close-
packed fcc arrangement in hydrophobic CCs ( → 0). 
Simultaneously,  tends to 0, which indicates that the 
more hydrophobic the opal, the more uniform is the wa-
ter distribution (the lower is the fraction of water forming 
bridges). Regarding the evolution of the parameters upon 
dewetting, two general conclusions can be drawn. First, 
each data set evolved nearly parallel to each other, indi-
cating that, independently of the type of surface, water 
desorption proceeds almost identically as described 
above for the as-grown CCs. Second, none of the result-
ing water patterns coincides with one another, even at 
same water contents. In other words, the water always 
distributes differently on surfaces with different hydro-
philicities, so the water pattern is unique for each type of 
surface. This finding eventually denotes that the surface 
energy affects the mechanisms determining the water 
distribution, which are discussed in Section 3.2. 
These results show that a great deal of information on 
the behavior of nanoconfined water can be obtained by a 
simple optical procedure. The distribution of water in 
wetting films or necks between submicron particles and 
the influence of the surface hydrophilicity, which are 
most important subjects in nanoscale materials science, 
can be relatively easily studied and demonstrates the po-
tential of the PBG method. Kinetics of water adsorption 
and bridge formation can also be studied in this way. 
2.3 One-Pulse CVD: Imaging of Water Morphologies 
Despite the described capabilities, the PBG method is 
an extrapolative technique which, in addition, takes ac-
count for the average behavior of the whole CC struc-
ture, so the verification of the deduced results by an in-
dependent means is desirable. Besides, the modeled dis-
tribution is expected to depart from the actual water 
morphology in some aspects like the homogeneity of the 
wetting film. An obvious goal would be to directly image 
the water in the particulate medium, which is actually a 
very difficult task, pursued in different systems since 
decades. For instance, in granular materials the gas-
liquid phase has not been resolved below the micrometer 
range, even with exigent techniques like X-ray microto-
mography [78,79]. The use of optical microscopy re-
quires the immersion in index-matching fluids [80,81], 
thus departing strongly from the original water-air con-
figuration. Sophisticated techniques like environmental 
or in situ liquid-phase electron microscopies [82] allow 
direct submicron analysis but currently limited by factors 
such as restricted operating conditions or possible system 
distortion by the high applied voltage. 
Scanning electron microscopy (SEM), as a customary 
facility in laboratories, would be ideal for inspection at 
the nanoscale but the required vacuum removes the wa-
ter. However, a quasi-direct visualization of the water 
morphology would success if the water pattern is ‘fixed’ 
under ambient conditions previous to SEM inspection. 
We recently developed this approach in silica CCs by 
transforming the water into silica with a modified chemi-
cal vapor deposition (CVD) [83]. Standard CVD typical-
ly applies alternating pulses of SiCl4 and water vapors 
for sequential silica growth and further wetting, respec-
tively. In contrast, since we aimed to ‘catch’ only the 
native water in the CC avoiding any additional contribu-
tion, we used one single SiCl4 cycle and no water pulses, 
so the reaction occurs only where moisture was previous-
ly adsorbed. Hence, this one-pulse CVD, performed at 
chosen ambient conditions, replicates the original water 
pattern into silica and allows submicrometric analysis by 
conventional SEM. Several tests, including simulations 
and experiments with variable pulse lengths, supported 
the reliability of the experiment [83]. It is worth noting 
that akin ‘fixing’ strategies have also been used in wet 
 particulate systems [31,80,84]. Thereby, a liquid polymer 
with low melting point serves as the wetting phase, 
which is solidified by lowering the temperature to allow 
electron microscopy imaging of the original morpholo-
gies. An obvious shortcoming of such approach is that it 
is only applicable with certain fluid phases, so the study 
conditions radically departs from the initial system. Con-
cretely, if the polymer substitutes adsorbed water, essen-
tial original features can be missed. 
The silica-transformed water structures in the CC re-
sulting from the one-pulse CVD are indeed visible at 
SEM (Figure 7a). The patterns immediately confirm a 
main conclusion deduced by the PBG method: water 
predominantly accumulates between the spheres forming 
necks (Figure 7b), bearing a close resemblance to the 
graphical representation of the parameters in Figure 6 
(bottom). The pendular state (non-connected capillary 
bridges) of the CC is also confirmed. This is significant 
because it indirectly supports two further results of the 
PBG method, namely the relatively thick wetting film 
and the nonclose spheres packing, although SEM images 
does not allow accurate estimate of d and . Indeed, a 
large water amount such as 7 wt.% would otherwise lead 
to coalescent necks (funicular state) unless, first, a rele-
vant portion resides on the spheres surface ( clearly less 
than 1) and, second, there exists some separation be-
tween spheres increasing the void volume. (In an ideal 
335-nm spheres fcc packing, and without wetting film, 
the funicular state would occur up ~ 2 wt.% liquid). On 
larger spheres, a ‘skin’ coming from the transformed 
wetting film is observable (Figure 7c), which straight-
forwardly demonstrates that water can adsorb in stable 
nanometer-thick multilayers under standard conditions. 
We also apply this technique using different ambient 
conditions or spheres surfaces. Figures 8a−c show some 
examples, in which the opals contain much less water 
(due to desorption or larger hydrophobicity). The images 
confirm another relevant feature predicted by the PBG 
method: the bridge size barely decreases upon significant 
reduction of the water content from about 7 wt.% (Figure 
7b) to 3 and 1.5 wt.% (Figures 8a and 8b, respectively). 
Clear decrease of the neck size (Figure 8c) is only ob-
 
 
Figure 7 (a) SEM image of as-grown silica CCs subjected to one-pulse 
CVD at 25 ºC and 40% RH, in which the necks connected to the cleaved 
spheres are observable. (b) Azimuthal view of CC spheres. Missing necks 
denote arrangement imperfections. (c) Zoomed-in CC spheres, on which 
the wetting film is recognizable. Spheres diameter is 335 nm in (a) and (b), 
and 900 nm in (c). Adapted from Ref. 49 with permission. 
 
 
 
Figure 8 SEM images of different 335-nm spheres CCs subjected to one-
pulse CVD at 40% RH. (a) As-grown silica CC, at 55 ºC. (b) 560 ºC an-
nealed silica CC and (c) polystyrene (PS) CC, at 25 ºC. (d) Quantitative 
comparison, for different CCs and conditions as function of the amount of 
water, between the water neck radii R predicted by the PBG method 
(open symbols) and the (silica-transformed) values measured by SEM 
(solid symbols). The latter were calculated taking into account a reduction 
of ~ 25 % in volume due to transformation of water into silica [83]. 
Adapted from Ref. 49 with permission.  
 
 served at very low water contents, like in CCs made of 
highly hydrophobic polystyrene spheres (< 0.3 wt.% wa-
ter at RT [83]). Even so, the neck size is still considera-
bly large, which ratifies that water, when scarce, tends to 
wholly reside in the bridges between particles. In this 
case, d and , although not measurable by SEM, must be 
vanishing small to allow such large R, as deduced in Fig-
ure 6. Together with the qualitative agreement, the pre-
dictions of the PBG method were also quantitatively en-
dorsed, since a fair agreement with SEM values is ob-
tained for the different situations (Figure 8d). The steep 
R decrease predicted in Figure 6b for water contents be-
low ~ 2 wt.% (marked by the dashed line) makes this 
region much more sensitive (indeed, the accordance with 
SEM is worse) and, therefore, interesting for forthcom-
ing studies. 
Beside the strong support to the PBG method, visual-
izing the (silica-transformed) water structures also al-
lowed the study of other aspects that cannot be conclud-
ed from the photonic properties of the CC. An interesting 
feature concerns the topography of the wetting film. 
While a quite uniform film is found on as-grown spheres 
under standard conditions (Figure 7), the scarce water 
remaining on them at higher T (55 ºC) or on annealed 
spheres rather builds nanodroplets (Figures 8a, b) [83]. 
This is a crucial aspect that tells us about the wetting and 
dewetting properties of a surface under different condi-
tions and the arrangement of the adsorbed water mole-
cules [ 85]. SEM images also allowed straightforward 
investigation of the effect of CC disorder in the water 
pattern, in particular, in the bridge size [83]. It was found 
that R diminished in the regions of imperfect spheres 
packing (a lower quality of the opal is easily stated by an 
inferior Bragg reflectance). In fact, R = 61 ± 11 nm, 
measured in less-ordered regions of an as-grown CC (re-
flectance below 50%), contrasted to R = 67 ± 5 nm in 
high-quality areas (reflectance above 75%). An increase 
of missing necks with disorder was also observed, alt-
hough no quantification was made. Obviously, disorder 
of the fcc packing leads to larger average distance be-
tween spheres and less-regular packing, explaining the 
formation of less bridges, with smaller R value and high-
er dispersion. These features illustrate the influence of 
the particles packing in the bridge formation, which is a 
key aspect in particulate systems (see Section 3.3), for 
which this method easily provides quantitative infor-
mation, even dealing with submicron water menisci. 
As a last application example, the technique makes 
the silica-transformed capillary bridge readily accessible 
for direct analysis with nanometer resolution. The exam-
ination of small menisci has been so far elusive, although 
the precise knowledge their size and shape are critical 
(the more, the smaller the bridge) for calculation of the 
induced capillary forces (see Section 3.3.1). Further-
more, the bridge profile concerns the underlying Young-
Laplace theory [86], whose validity may be questionable 
at small scales [87,88]. Figures 9a,b illustrates a fairly 
accurate description of the nanomeniscus formed be-
tween two silica spheres (in this case, they are not part of 
a CC). By taking the resulting D, R and d, we calculate r 
= 65 nm according to the abovementioned circular ap-
proximation, which surpasses about two-fold the ob-
served curvature radius. This fact should attract attention 
to the possible deviation of the neck shape from a toroid 
at such scales [89,90]. Another features are deduced 
from the images. A thick adsorbed wetting film around 
the spheres is discerned and its thickness is straightfor-
wardly estimated. Such a thick water film is consistent 
with the visible skin in Figure 7c and the values of sever-
al nm predicted for d by the PBG method (Figure 6a). 
The large neck size leads to merging in the presence of a 
further neighboring sphere (Figure 9c). Interestingly, 
water does not flood the interstice between the spheres 
(which contradicts observations and predictions else-
where [47,78,79,91]), which is a relevant aspect because 
menisci need of the gaseous phase to exert a capillary 
force between the spheres [33,36]. 
3. Colloidal Crystals and Liquid in Wet Particu-
late Systems: Perspectives 
As seen, unprecedented quantitative information 
about the nanoconfinement of water in CCs has recently 
been gained from innovative optical and imaging means. 
The influence of factors like desorption or surface type 
has also been obtained. These data, when contrasted with 
macroscopic theories or measurements in planar systems, 
give insight into fundamental liquid-solid nanoscale top-
ics and, further, singularities of not only opals but partic-
ulate systems in general. As an additional point of inter-
est, since no water was added to the CCs, the results are 
particularly interesting regarding adsorption and capil-
lary condensation in divided media. 
In this Section we first discuss CC features like the 
massive multilayer adsorption and nonclose packing as 
they give clues to the interactions at particle surfaces 
connected by water. Second, the accumulation (or not) of 
water in bridges in the CCs is a notable aspect to look 
into. Indeed, the bridge formation is determined not only 
 
Figure 9 Geometrical analysis of nanomenisci formed between ~ 900-nm 
silica spheres. (a) Between two spheres; (b) Zoom-in of image a; (c) 
Between three spheres. Water was transformed into silica by one-pulse 
CVD at normal conditions prior to SEM imaging. Adapted from Ref. 49 
with permission. 
 
 
 by the energies at play in the system but also by the 
flowability of water at the nanoscale, the latter being in-
timately linked to the debated water structure and mobili-
ty in nm-thick films. And third, we examine the influ-
ence of water on the properties of the particles ensemble, 
whereby the most obviously aspect affected is its me-
chanical behavior. We analyze the cohesion of the CC 
and correlate with the individual water bridges and the 
forces exerted on the submicron spheres. We also inspect 
the rheology of CCs and identify analogies to granular 
materials. Along the Section, we point out nanoscale fea-
tures found in the CC that are relevant in general particu-
late media and concern open questions to be addressed. 
3.1. Surface Forces 
Forces acting very close to a solid surface are respon-
sible for the condensation of an adjoining vapor and crit-
ically affect the interfacial liquid [6], whose behavior 
may greatly differ from that in bulk. In turn, these forces 
are altered by the liquid. This interplay eventually deter-
mines two decisive characteristics: 1) the amount of ad-
sorbed liquid; 2) the equilibrium distance between parti-
cles, which also defines the packing density. (In a partic-
ulate medium, the formation of capillary bridges and the 
subsequent interparticle adhesion result from these fea-
tures −see following Sections). In CCs, these two charac-
teristics actually lead to controversy: on the one hand, 
the massive water adsorption surpasses by far the ex-
pected value, and, on the other hand, the apparent non-
contact between spheres denotes significant repulsive 
forces that need to be explained. These discrepancies 
reveal clues to the underlying surface forces in the CC, 
which are also present in every wet particulate system. 
3.1.1. Wetting Film Thickness 
The equilibrium thickness d of a film adsorbed on a 
surface is given by the disjoining pressure , which ex-
presses the net repulsion between the solid-liquid and the 
liquid-vapor interfaces [86]. By considering only van der 
Waals forces, d
3= −AH/6, where AH is the Hamaker 
constant across the liquid film and  = −(RgT/Vm) 
ln(RH/100). This predicts water film adsorption on a 
planar hydrophilic surface in air (AH ~ −10
−20
 J) of less 
than a monolayer for humidities below 80%. Nonetheless, 
water adsorption higher than expected has often been 
reported [6,92], including multilayer adsorption at ~ 50% 
RH of about 3 layers (d ~ 1 nm) [93,94] or even more (d 
~ 1.5−2.5 nm) [95−97]. Such adsorption excess has been 
attempted to explain by adding terms to  [6,92,93] alt-
hough they cannot not fully explain the observations and 
their precise physical origin remains elusive. These con-
tributions are principally electrostatic (double-layer forc-
es due to surface ionization) or structural (hydration 
forces caused by ordering of the first water layers), while 
the presence of surface contaminants [92,98] must also 
be considered. In particular, the initial wetting of the sili-
ca can lead to surface ionization (and to subsequent elec-
trical double layer) due to the silanol groups, which can 
also favor structuring of the adsorbed water layers [94]. 
Water film thickness drastically decreases on dehydrox-
ylated silicas (Section 2.2 and literature [92,93]). 
Contrary to the case of flat, open surfaces, the thick-
ness of wetting films in divided systems is affected by 
factors such as the interfacial tension on the convex par-
ticles surface and the capillary pressure in the gaps at 
contacts [99], which additionally limit the wetting film 
thickness. In soil and plant science, for example, these 
different contributions are more usually accounted for by 
means of the matric potential , currently being an ac-
tive research topic. Here we use it to estimate the maxi-
mum wetting film thickness predicted in a silica CC. In 
an ensemble of spherical grains of size D the impact of 
the interfacial curvature is included [100] to obtain d
3= 
−A/6−/D, where  is the surface tension. By con-
sidering only van der Waals forces,  = − and A = AH. 
At 40−50 % RH,  ≈−108 Pa and d is practically iden-
tical to the value in planar systems, while hydration and 
electric double-layer would increase both  (less nega-
tive) and d. However, from capillary scaling  there exists 
an upper limit for the matric potential at which the bridg-
es coalesce given by  = − 9/D [100], and sets a maxi-
mum d that depends on the spheres size D. The large 
neck size measured above indicates that the CC is not far 
from this point. For 335-nm spheres, this limit is about 
−106 Pa, which yields d ~ 1 nm by taking A = −10−20 J. 
Or and Tuller [101] find an “effective”A about six-fold 
the Hamaker constant, which would yield a maximum 
thickness close to 1.5 nm. In conclusion, adsorption of 
nm-thick wetting films in a system like the silica CC is 
theoretically feasible but the still superior thickness ob-
served (d ~ 4 nm, that is, about 12 water layers) needs to 
be explained yet. A rigorous evaluation of the CC system 
using the concept of matric potential could be a conven-
ient approach. Note that even thicker films were found 
on 900-nm spheres, which agrees with the trend of high-
er (less negative) limit to  and, hence, larger d for larg-
er D. 
While the assessment of multilayer adsorption at 
moderate humidities is still debated in planar systems, 
the situation becomes even more complex in convoluted 
surfaces [3,102,103] like those in particulate media. Wa-
ter film thickness may increase on corrugated surfaces in 
a manner not attributable to capillary condensation at the 
asperities. While roughness is known to affect the wetta-
bility of surfaces [5], it is less clear how it influences 
adsorption. In different systems, water adsorption ap-
pears to positively correlate with the material rugosity. 
For instance, adsorbed films on rough calcite were sig-
nificantly thicker (2- to 40-fold) than those on smooth 
calcite [96,97]. Similarly, the thickness of brine films on 
silica increased over 100 times with surface roughness 
[104]. Multilayer adsorption is observed on rather hy-
drophobic self-assembled monolayers, from d ~ 2 nm at 
low humidity up to 4 nm at 65% RH [105,106]. Steps in 
mica terraces lead to nucleation of water deposits of 
height of 7 nm at 65% RH [107]. In the gap between a 
force microscope tip and a substrate, water condensation 
often surpasses the theoretical predictions, building e.g. 
structures of 15 nm height at 58% RH [4,108,109]. Re-
sults in soil science show that the adsorbed water films 
are significantly thicker in highly structured soils [110]. 
Indirectly, the abovementioned influence of moisture in 
 the mechanical properties of granular materials (sand, 
micrometer spheres packings) indicates formation of a 
significant number of capillary bridges, even at 10% RH 
[111], though the expected adsorption or capillary con-
densation cannot account for them. Indeed, increased 
vapor condensation arising from the proximity of neigh-
boring surfaces and enhanced adsorbate–adsorbant inter-
actions [2,3,99,112] must be considered, especially in 
submicron particles systems as their interstices approach 
the 1-nm scale. In view of these facts, the unexpectedly 
large adsorption found in CCs seems to be related to a 
more general phenomenon in divided media, and it re-
mains an open question. 
3.1.2. Equilibrium Interparticle Distance 
Another controversial finding in silica CCs is that 
spheres are generally not in close contact to each other, 
showing a significant interparticle separation  up to 12 
nm between 335-nm spheres, as inferred from the PBG 
method (Section 2.2). More direct evidence of such non-
close packing is desirable. Here we propose a simple 
approach, in which we make use of the ordered structure 
of a CC to determine its lattice parameter by fast Fourier 
transformation (FFT) from SEM images. The key is em-
ploying one-pulse CVD under the desired ambient condi-
tions in order to ‘freeze’ the CC lattice, so it does not 
change under the SEM vacuum. Any spheres separation, 
in average, leads then to an increase of the lattice param-
eter when compared to that measured without water (in 
practice, by performing SEM without subjecting the opal 
to one-pulse CVD). We carry out the experiment on two 
as-grown silica opals, composed of 300-nm or 380-nm 
spheres, subjected to one-pulse CVD at 10 and ~ 40% 
RH. FFT is performed on areas of about 4 µm x 4 µm in 
order to average over an ample number of spheres while 
keeping high-quality arrangement (Figure 10a). Figure 
10b shows a clear, progressive expansion of the CC lat-
tices with increasing water content (higher RH), corre-
sponding to growing  values (right axis). The resulting 
 at ~ 40% RH agrees well with that obtained from the 
PBG method for comparable spheres size ( = 12 nm), 
and strongly supports the “noncloseness” of CCs ar-
rangements. Other techniques can be used to measure the 
lattice parameter vs. humidity for further verification, 
like atomic force microscope (AFM) −although the in-
herent difficulties linked to water condensation around 
the tip [113] must be considered. 
The separation of the opal spheres leads to a filling 
fraction far below the close-packing value (f down to ~ 
0.66 in the hydrophilic CC, much lower than the ideal 
0.74). From the PBG method it was further deduced that 
 decreases with water desorption and in hydrophobic 
opals, reaching the ideal close-packed fcc ( = 0) below 
~ 2 wt.% of water (Figure 6c) [75]. This behavior is con-
sistent with the distinct filling fractions previously re-
ported in fcc CCs, low in the case of hydrophilic spheres 
(f ~ 0.61) [67] and high with hydrophobic spheres (f ~ 
0.70−0.74) [114,115]. Such differences can be now ra-
tionalized in terms of nonclose contact due to the pres-
ence of water, rather than disorder. In the case of much 
larger glass spheres (25 to 600 µm), a number of papers 
report wet (with added liquid) random granulates with f ~ 
0.57−0.63 after compaction [79−81,116 ,117 ]. Pressed 
pellets of 75-µm glass ballotini showed f ~ 0.60 when 
wetted by water, and f ~ 0.63 by silicone oil [118]. These 
values are inferior to 0.64, expected in random close 
packings of monodisperse spheres [119] (actually, higher 
due to polydispersity: maximum f ~ 0.66 is measured in 
relatively dry 150-µm spheres [116]). Hence, apart from 
aspects like capillary adhesion or compaction dynamics 
[116], this fact could be indicative of finite separation 
between wet particles, especially with water. 
The separation found between CC spheres points to 
the existence of significant repulsive forces between hy-
drophilic particles surfaces when (relatively abundant) 
water is present, which overcome the strong, attractive 
capillary forces. As the behavior of  shows, such repul-
sion seems to disappear with less water, or to be over-
come by other forces. Coherently, as in the case for the 
nm-thick wetting film both hydration and electrostatic 
forces may also be accountable for surface repulsion and, 
consequently, equilibrium distances of several nanome-
ters (note that the magnitude of  approaches 2d −Figure 
6c). Mutual repulsion between hydrated solid surfaces 
like silica is long known and typically described by dou-
ble-layer forces and, at small distances, also by the short-
er-range hydration force [1]. Hydration repulsion has 
been found to dominate at separations of 1−5 nm in a 
number of systems [98,120,121]. Thus, hydration forces 
may justify the nonclose CC packing but, due to their 
 
 
Figure 10 (a) Example of calculation of the CC lattice parameter on SEM 
images by FFT analysis (inset) of a well-ordered area (yellow square). 
The analysis typically extended over 10 to 20 such areas in each sample. 
The CC is previously subjected to  one-pulse CVD at desired conditions 
(here, as-grown 300-nm silica CC at 38% RH). (b) Normalized lattice 
parameter (left axis) of as-grown 380-nm and 300-nm CCs (solid and 
empty symbols, respectively). Values at 0% RH were obtained by analy-
sis of bare (not subjected to CVD) samples. The spheres separation  
(right axis) was calculated for D = 380 nm (correction due to water-to-
silica volume contraction was considered). 
 
 
 
 short range, would not explain such large  values, alt-
hough hydration layers as thick as 7−8 nm have been 
reported in a suspension of colloidal silica spheres [122]. 
Probably, electrostatic repulsion has a main role, at least 
at longer distances. It is worth noting how the ionization 
of the wet silica surface and the large amount of water 
make the opal bear similarity to ordered colloidal sus-
pensions. These are colloidal crystals formed in aqueous 
suspension (that is, a binary system), in which long-
range double-layer forces, controlled by the ionization 
state of the system, lead to arbitrarily large equilibrium 
spheres separation [123]. In the opal, however, such an 
electrostatic contribution must be reconciled with the 
unitary behavior of  for all CC surfaces investigated 
(Figure 6c), which suggests no influence of the surface 
energy. Note that in hydrophobic CCs attractive hydro-
phobic forces can take place between surfaces [10], and 
would help reach close spheres contact. Finally, another 
factor to be considered is the mechanical behavior of 
water between the solid surfaces. Thin water films may 
exhibit high viscosity (as discussed in Section 3.2) and 
be difficult to be squeezed between surfaces, which 
would keep them at finite separation (viscous forces 
would diverge for vanishing distance) [124]. 
From this Section it should be concluded that meticu-
lous evaluation is still needed to account for the role of 
surface forces and their water-dependence in CCs, a fact 
which is, in many aspects, common with general porous 
materials and particulate assemblies. Investigation of 
surface phenomena in these systems can benefit from 
comparing with the detailed experimental features 
achievable in the opal at the nanoscale, although being 
aware of the current limitations. The accuracy of the 
PBG method below a few nm is probably imperfect, and 
the resolution of imaging of the silica-transformed water 
structures must be enhanced in the future by using e.g. 
transmission electron microscopy or AFM. Even with the 
lower SEM resolution, the one-pulse CVD technique is 
useful regarding interfacial phenomena. For example, it 
makes available the study of the topography of the ad-
sorbed films, in particular the occurrence of patches or 
clusters [83] (Figures 7 and 8), which determines the 
connectivity of the water phase. It also provides interest-
ing hints regarding the particle contacts from the remain-
ing bridges after detaching the silica CC spheres, on a 
hydrophilic glass substrate (Figure 11a) or between 
spheres (Figures 11b, c). The nonclose contact between 
the hydrophilic surfaces is now visually apparent from 
the bowl-like shape of the necks, with finite thickness in 
the center (Figure 11c). On the contrary, silica spheres 
leaves annulus-shaped necks on a hydrophobic silicon 
substrate (Figure 11d). Annuli are also observed between 
hydrophobic polystyrene spheres (Figure 8c; see Figure 
13b also), which indicates close −at least, closer− contact 
when dealing with hydrophobic surfaces. The formation 
of annuli (with a wide central aperture) rather than necks 
with vanishing thickness at the center suggests the occur-
rence of an air meniscus (a bubble), instead of a water 
one, formed at the hydrophobic surface [125]. The set-up 
(capillary evaporation) and characteristics of such nano-
bubbles are enigmatic [126], and they have been long 
proposed to elucidate the origin of long-range hydropho-
bic forces [125]. Hence, the simple one-pulse CVD tech-
nique would provide an easy approach to investigate this 
important surface science topic which remains incom-
pletely resolved. 
Beside the fundamental interest of surface forces and 
adsorption phenomena, they essentially affect the per-
formance of any particulate system. The actual potential 
of the interfacial water determines not only the amount 
of condensed phase but also its distribution through the 
particles to form capillary bridges (Section 3.2). Liquid 
flow through the pore network is determined by the 
thickness and topology (connectivity) of the wetting film. 
These aspects are also critical for e.g. transport of col-
loids, radioactive waste, bacteria, etc. through unsaturat-
ed soils (vadose zone) [117,127,128] or (thermal, electri-
cal, etc.) conductivities in packed beds for technological 
uses [57,129]. Particles separation strongly affects the 
capillary force exerted by menisci and its humidity-
dependence [89,90] and, because the liquid fills the gaps, 
the intergrain friction or lubrication [130,131]. The equi-
librium distance also defines the packing and porosity, 
which are key variables in complex transition phenome-
na in granular media like jamming and shear banding 
[42,132] and liquefaction [133], important in phenomena 
like landslides [134]. It can also lead to better under-
standing of swelling behavior of clays [27] and cellulose 
[38]. 
3.2. Capillary Bridges and Water Flow 
In an unsaturated particulate medium, the distribution 
of the liquid phase on the surface of the particles (wet-
ting film) and between them (bridges) greatly determines 
the interaction forces in the system. Specifically, the liq-
 
 
Figure 11 SEM images of (silica-transformed) water necks. Bowl-shaped 
menisci formed between 900-nm silica spheres (detached) and a glass 
substrate (a), and between 335-nm or 900-nm silica spheres (b, c). Annu-
li formed between 900-nm silica spheres (detached) and a hydrophobic 
silicon substrate (d). In all cases, one-pulse CVD was performed under 
standard laboratory conditions (25 ºC, 40% RH) prior to imaging. (a, b) 
are from Ref. 49, and (d) is adapted from Ref. 83 with permission.  
 uid bridges exert capillary forces between particles that 
typically surpass, in orders of magnitude, van der Waals 
attraction and electrostatic forces [33], and even gravity 
for particle sizes below 1 mm (large Bond number, 
which is the ratio of the capillary strength to the grain 
weight). Thus, capillary action dominates the interparti-
cle adhesion and governs, together with viscous forces, 
the mechanical response of divided systems (Section 3.3), 
so the percentage of liquid accumulated in the bridges 
(the ratio  described in Section 2.2) is a prominent aspect 
to understand in such media. In turn, the resulting mor-
phology of the liquid phase tells us about the nature of 
the confined liquid, its interplay with the solid surface 
and its ability to distribute within the particulate network. 
One of the noticeable findings in the CC was the pre-
dominant accumulation of water around the spheres con-
tacts to form large bridges, as described in Sections 2.2 
and 2.3. Capillary condensation predicts, at thermody-
namic equilibrium, a Kelvin radius rk ~ 0.6 nm at the 
experimental conditions, which definitely cannot de-
scribe the observed menisci with radii r ~ 20 nm in 335-
nm silica CCs (Section 2.2) or ~ 37 nm in 900-nm 
spheres (Figure 9b). Even considering surface effects, 
enhanced condensation would occur only very close to 
the contact between spheres and cannot account for the 
broad neck azimuthal radii (R ~ 65 nm in 335-nm 
spheres and, from Figure 9b, R ~ 200 nm in 900-nm 
beads). Actually, it is typically found that liquid concen-
trates at contacts, like between touching large-sized 
spheres [60,80,81,135]. Such large menisci are habitually 
assumed to be formed by capillary suction from the sur-
rounding wetting film into the gap, as long as there exists 
enough liquid on the grain to allow flow [7,8,47,136]. In 
the case of the rough surfaces of large particles, this usu-
ally occurs only by addition of liquid or at high humidi-
ties. Otherwise, the liquid remains immobilized on the 
asperities and no bridges, or very small ones, are ob-
served [80,81]. This argument has been claimed to ex-
plain adhesion experiments with micron spheres showing 
a threshold humidity, above which the meniscus is 
formed [ 137 ]. Viscous drainage from adjacent water 
films is proposed to contribute to slow formation of ca-
pillary bridges [138,139]. 
In moist submicron systems, this mechanism is less 
often contemplated [4], maybe because the precise dis-
tribution of liquid is rarely known or wetting films are 
expected to be negligibly thin. The allocation of water 
found in CCs suggests that capillary suction also works 
at such small scales. Herein, a minuscule water meniscus 
is first formed by capillary condensation at the spheres 
contacts or merging of the adsorbed films at the opposite 
surfaces. Due to the geometry, the meniscus is concave 
with negative Laplace pressure P =  (1/R−1/r), the 
lower (more negative) the smaller the neck (smaller r) 
[4]. A pressure gradient with the neighboring water mul-
tilayers of the wetting film is then established, and water 
is drawn into the bridge to increase the Laplace pressure. 
(Note that this sequence is consistent with the behavior 
found upon desorption, for which it was proposed that 
water evaporation in the necks may be compensated by 
transfusion from the wetting film –Section 2.1). Water 
flow would be governed by the hydrodynamics laws and 
the final water distribution determined by the equilibrium 
between the Laplace pressure in the bridge and the dis-
joining pressure in the wetting film [7,8]. The latter is 
affected by the surface energy and influences the final 
water allocation, as seen in Section 2.2. In any case, this 
‘macroscopic’ procedure assumes water fluidity in the 
nanometric wetting film, which is a questionable feature 
[19,140] as it concerns the mobility of water molecules 
adjacent to the surface, still being a matter of debate. 
Indeed, numerous studies with a variety of techniques 
show that water transport is hindered close to a solid sur-
face, the more the closer [e.g. 19,20]. In particular, vis-
cosity increases or relaxation/diffusion times decrease in 
several (up to 10) orders of magnitude under confine-
ments below d ~ 1-2 nm due to gradual structuring of 
molecules near different surfaces, including amorphous 
silica [130,131,141−143]. The first 3–4 adsorbed water 
layers (d ~ 1 nm) even may adopt ice-like [94,130] or 
chain-like [143] structures and motion is practically hin-
dered. From capillary filling experiments, an immobile 
water layer of 0.9 nm has been estimated [4]. As we 
found in the hydrophilic CCs, the wetting film is thick 
enough (d ~ 4 nm in 335-nm spheres opals) to flow (at 
least, in the upper layers), although viscously. However, 
water transport is doubtful on hydrophobic CC spheres, 
on which d is much smaller. Besides, the topography of 
the wetting layer must also be considered, as the continu-
ity of the film appears to fail in the hydrophobic case 
(Figure 8b), which would additionally hinder water 
 
Figure 12 Water distribution (in blue) between two nearest neighbor CC spheres (off-cut side view) according to the parameters obtained at full hydration (open 
symbols in Figures 6a−c; drawn to scale). From left to right, progressively hydrophobic CCs are compared and the corresponding ratio  is given. According to 
the model simplifications, water necks are depicted with flat edges (instead of menisci). Adapted from Ref. 75 with permission. 
 
 transport. According to these arguments, water can flow 
more easily on hydrophilic particles to accumulate in the 
bridges, while capillary suction would incompletely suc-
cess on hydrophobic particles and necks remain small. 
These predictions perfectly agree with the behavior 
found in the CCs (Section 2.2): the parameter , which 
describes the liquid concentration in the bridges (Figure 
4), was large in the hydrophilic opals and progressively 
decreased in the more hydrophobic ones [75]. The water 
distributions obtained for the different surface types and 
same amount of water, which are drawn to scale in Fig-
ure 12, fully support the abovementioned statements. 
In order to obtain additional evidence of the crucial 
role of the wetting film topography (and, eventually, of 
the surface nature) for water flow, we perform high-
humidity measurements on different CCs. This way, suf-
ficient liquid content on the spheres is ensured in order to 
rule out any transport inhibition due to a too thin wetting 
film. Figure 13a demonstrates the buildup of very large 
bridges between silica spheres, on which the wetting film 
is continuous. On the contrary, Figure 13b shows a poly-
styrene opal, in which a thick but clustered wetting film 
is visible on the spheres and only small necks were 
formed. Interestingly, the area surrounding the bridges 
perceptibly has less water. Note that the central zone be-
tween them, outside the ‘suction area’, shows again high 
droplets density. This strongly suggests that some capil-
lary suction occurred indeed but strongly restricted to the 
closest neighborhood due to the non-uniformity of the 
wetting film. 
Although quantitative analysis will be needed (exam-
ining e.g. to what extent Navier-Stokes equations are 
valid [13]), the way water distributes in a CC indicates 
that capillarity must be taken into account at the na-
noscale similarly to micro- and macroscales. Capillary 
suction from surrounding wetting films (even being very 
thin) can help explain observations like the excessive 
water accumulation on AFM tips contacting a substrate 
[4,108,109]. It can also complement the explanation of a 
threshold in adhesion experiments between smooth sur-
faces [108,138,144], in which a minimum wetting film is 
claimed to be necessary for the formation of the capillary 
bridge. On the other hand, if suction is slow, it may con-
tribute to sluggish growth of bridges [138,139,145], also 
leading to aging phenomena [30,39,146], which is often 
attributed to thermally activated capillary condensation 
[39,146]. Nanoscale topology and capillarity will have a 
great impact on imbibition and drainage in particulate 
media [147,148], fabrication and deterioration of build-
ing materials [149], water retention in soils [150] and 
water treatment [ 151 ]. Redistribution of liquid deter-
mines the number and size of capillary bridges in dis-
perse media and eventually governs their mechanical 
properties, as discussed in the next Section. 
3.3. Collective Behavior: Mechanical Properties  
The most recognizable way in which a liquid affects 
the performance of particle aggregates is through their 
mechanical properties. Cohesion (stability against an 
applied stress) and rheology (deformation and flow be-
havior in response to the stress) are essential collective 
properties of a particle packing and critically depend on 
the intergrain adhesion, which is dominated by capillary 
forces in the wet case. Among the obvious importance of 
strength, deformability and flowability of wet particulate 
material [152], accurate comprehension of their cohesive 
properties is needed for many processes such as wet 
granulation and caking [38,69,153], fluidization [154], 
mixing and segregation [155], etc. 
While dry particulate media are in principle cohesion-
less and purely frictional systems, the interstitial liquid in 
the wet counterpartners radically changes their mechani-
cal behavior in two main ways. On the one hand, it leads 
to a cohesive ensemble through the capillary forces ex-
erted by the liquid bridges between the particles, so the 
network structure is able to sustain a certain stress and 
mechanically behaves like a solid. Above a critical stress 
(yield stress), particles flow is initiated in the system, 
exhibiting a liquid-like behavior: a yield stress fluid. On 
the other hand, the interstitial liquid introduces a viscous 
force acting between the particles through the capillary 
bridge [33,124,156,157] that alters both the frictional 
behavior and the energy dissipation in the material, and 
introduces additional time-dependences in the system 
performance. While a dry granular material generally 
behaves as a viscoplastic medium [37] (flow properties 
depend on the deformation rate at sufficiently high rates), 
liquid may greatly enhance such viscous character. 
Among both capillary adhesion and viscous response at 
the contacts, other factors like slow meniscus formation 
or dissipative rupture and re-formation of bridges will 
also affect the rheological properties of a wet divided 
material. 
It is well known that a minute quantity of wetting liq-
uid drastically affects the cohesive properties of bulk 
powders, granular media and, lately, capillary suspen-
sions. As mentioned at the beginning of this article, alt-
hough most particulate systems contain some amount of 
liquid (often just from moisture), rather the limit cases 
have been preferentially investigated, i.e. systems with 
either empty or saturated pores. Actually, both dry 
granular media and dense suspensions, as binary systems, 
exhibit a parallel behavior and it seems to admit an uni-
fied description [158−160]. In contrast, such a framework 
is not applicable to wet unsaturated systems, in which the 
intricate liquid-gas phase generating capillary bridges 
 
 
Figure 13 SEM images of capillary bridges formed under high RH at-
mosphere in CCs made of (a) 380-nm silica spheres, (b) 450-nm polysty-
rene spheres. 
 
 and their effect must be accounted for. This task be-
comes extraordinarily challenging because of the gener-
ally irregular arrangement, size, shape and roughness of 
the particles. Many of these difficulties are prevented in 
CCs, as discussed along the article, while the fundamen-
tal mechanical aspects remain basically the same. Indeed, 
in spite of the obvious difference in dimensions and ar-
rangement, it is remarkable how indentations in a silica 
CC recall diggings in wet sand (Figure 14). Hence, a 
promising, and ambitious, perspective is to employ CCs 
as a mechanical analogue for fundamental investigation 
in granular science to allow simplified analysis of intri-
cate features. 
Only recently, comprehensive micromechanical char-
acterization of bare CCs has been performed, for which 
nanoindentation was used [161,162]. Nanoindentation 
studies on bonded colloidal crystals [162,163] and as-
semblies [ 164 ] or nanoparticles agglomerates [ 165 ] 
missed most of the particulate features. A few other 
works have investigated colloidal ensembles by ultrafast 
optoacoustic [ 166 ] or microcompression techniques 
[167,168]. Nanoindentation procedure [161] consisted in 
indenting the opal by application of an increasing, at a 
fixed rate, loading force (P) while monitoring the pene-
tration depth (h). At a certain depth of typically some 
hundreds of nm, creep (h) was measured at constant 
load during a dwell time, after which unloading is per-
formed, showing how elastic/plastic was the deformation 
(Figure 15a). Hardness H and Young modulus E are cal-
culated from the unloading behavior [161] to character-
ize the CC strength. Dependence on depth (Figure 15b) 
or loading rate (Section 3.3.2), and SEM imaging of the 
residual indents (Figure 15c) reveal structural and rheo-
logical aspects of the CC [161,162]. The loading curve 
readily reveals the granular nature of the CC by the oc-
currence of several pop-in events (Figure 15a, vertical 
arrows), which are caused by dislodging of individual 
spheres [162]. Temperature-dependent nanoindentation 
was further implemented to mechanically test silica opals 
with controlled amount of water [161]. 
Unavoidably, microscale characterization conceptual-
ly differs from macroscopic techniques used in granular 
media [37, 170 ] to study yield stress (stability angle, 
compression, shear) and flow (inclined plane, shear), but 
it also depicts the cohesive and rheological properties of 
CCs. These are described in the next Subsections and 
parallelisms with the behavior of granular matter are dis-
cussed. A correlation between ensemble mechanical fea-
tures and water bridge characteristics is here attempted. 
3.3.1. Ensemble Cohesion 
While extensive work has been made on capillary 
force at the grain level (exerted by an individual bridge 
between two surfaces), it has had less impact on the 
knowledge at collective level in ensembles. There, for a 
certain amount of liquid, the overall capillary force is 
determined principally by the number of formed bridges, 
which depend on the number of neighboring particles (up 
to ~ 6 in random close packings [119]) and the distance 
between them. A minimum amount is needed to, first, 
surpass the rough surface of grains, and, second, form a 
meniscus between non-touching neighbors, so the num-
ber of necks is critically affected at low liquid volumes. 
Thus, for increasing contents of wetting liquid, powders 
[171], granular materials [79−81,172,173] and capillary 
suspensions [30,31] show a rapid rise from vanishing 
yield stress to a stable value. This value corresponds to 
full pendular bridging (all particles contribute to the ca-
pillary network [31]) and remains constant along the 
pendular state, which indicates that further increase of 
the neck volume does not change the cohesion between 
the grains. Such independence is expected in macroscop-
ic systems, for which the capillary force (Fcap) is identi-
cal for any liquid bridge, as long as the grain size D (as-
sumed to be spherical) is much larger, i.e. r≪R≪D/2 
   
Figure 15 (a) Typical load–depth (P-h) measurements performed on a 
silica CC at three load rates (5, 50 and 500 μN/s –black, green, and or-
ange lines, respectively). WP is the plastic work (area between loading 
and unloading curves). Vertical arrows indicate pop-in events. Inset: 
scheme of the temperature-controlled nanoindentation setup. (b) Depth-
dependence of indentation modulus E obtained at the different load rates. 
Values measured at h < 300nm are not considered because of significant 
indentation size effect [169]. (c) SEM micrograph of the residual imprint 
on the CC after indentation at hmax = 500 nm. The yellow triangle depicts 
the intersection area of the indenter (triaxial Berkovich type) with the 
surface plane at hmax. Adapted from Ref. 161 with permission. 
 
 
 
Figure 14 SEM image of a nanoindented silica CC. The mechanical 
deformation of the spheres assembly recalls common marks after dig-
ging in wet sand. 
 
 
 (standard approximation) [1]. However, for growing 
liquid contents, the neck becomes comparably large and 
Fcap depends on its volume and shape (see below). In 
irregular packings, though, this fact overlaps with the 
beginning of bridge merging (funicular state), where the 
overall capillary force also depends on the liquid phase 
connectivity, as it determines the bridge interfaces [79]. 
These factors and the a priori unknown liquid distribu-
tion make quantitative information to be hardly accessi-
ble. Hence, the correlation between individual bridges 
and collective cohesion is missing in granular matter, 
especially in the relevant low water content regime. 
In contrast, in fcc-packed CCs all bridges are equal, 
comparable in size to the spheres, and their number is 
readily known (every sphere is ideally connected to 12 
neighbors, and namely by any amount of liquid). Being 
the fcc packing the most compact arrangement (with 
shortest interparticle distance, i.e. largest Fcap [7], and 
highest coordination number), the cohesion is expected 
to be maximal in a CC and any disorder should diminish 
it. This statement is illustratively proved in a particular 
silica opal exhibiting significant misarrangement in the 
upper layers (Figure 16). Flaws in the CC (due to e.g. air 
bubbles or cracks) leads to detachment of many spheres 
from the disordered layers, indicating poor cohesion, 
while no spheres are missing in the lower planes with 
well-ordered, highly stable arrangement. The decrease of 
the number of menisci was assessed by the one-pulse 
CVD technique, together with some reduction of the av-
erage neck size (Section 2.3). Strength measurements of 
the ordered CC [161] support these assessments. H and E 
values, respectively ~ 0.15 and 3 GPa at standard condi-
tions (Figures 17a,b), comparable to those in similar sys-
tems [162], are in the range of hard polymers, demon-
strating a remarkable robustness for a bare particulate 
ensemble. In wet granular random packings [173], E val-
ues calculated from elastic shear modulus were below by 
a factor of at least 5 −after correcting the dependence 
with the particle size−, which we attribute to the disorder. 
Depth-dependent experiments in the CC showed that E 
clearly decreased at deep indentations (Figure 15b), as 
the fcc packing was increasingly distorted (H exhibited a 
similar behavior in this CC [161] and others [162]). Such 
order effect in the system cohesion is also observed in 
polymer colloidal aggregates [163], in which E of semi-
crystalline zones was twice as large as that of amorphous 
regions, a factor close to that observed in Figure 15b. 
In this sense, the CC shows a brittle behavior as the 
structure becomes much more compliant after a short 
deformation strain. Such performance is also found, for 
instance, in wet powders caused by high packing density 
and strong attractive forces [153], as it is the case of the 
opal. Reynolds dilatancy, which is the tendency of dense 
granular assemblies to expand upon strain because of 
steric exclusions, must be considered as it leads to larger 
interparticle distance and thus to decreased capillary 
forces in a wet particulate [172]. Another important fea-
ture for both granulate stability and transmission of de-
formation is the creation of a network of particles con-
tacts in dense granular matter [174], which transfer the 
stress through the ensemble. Upon indentation, such 
force chains are created preferentially in the strain direc-
tion [172] and leads to distortion of particles layers far 
below the indenter [163,175]. This accounts for the drop 
of H and E measured in the CC after penetration of h ~ 
1200 nm, i.e. about 4 spheres planes (Figure 15b), which 
would not be explainable only by disarrangement of the 
upper layers. SEM images of the residual indents (Figure 
15c) corroborate that the distortion of the opal structure 
(in this case, on the film plane) clearly exceeds the in-
dented area over several microns even upon shallow in-
dentation. The reach of stress transmission is enhanced 
by the crystalline structure [163,176]. The imprint profile, 
although reminiscent of the triaxial shape of the em-
ployed indenter, is notably smeared, which emphasizes 
how slight packing irregularities (defects are small in the 
high-quality opal) lead to markedly asymmetrical force 
chains [176]. Upon deeper penetration, shear bands are 
observed [161,162]. All these aspects, decisive for the 
stability of any particulate material, has maximal impact 
in the CC because of its highest compactness and crystal-
linity, so their granular features may help analyze the 
dependences on packing density, contacts networks and, 
in addition, cohesive forces. 
Temperature-dependent nanoindentation allowed to 
measure the CC strength upon dehydration [161]. Here, 
in order to emphasize the role of the capillary bridge, we 
plot the resulting H and E values as function of the de-
sorbing (as it is the change direction in the experiment) 
water content (Figures 17a,b). We first notice that the 
experimental error was higher in the presence of water 
 
 
Figure 16 SEM images showing pronounced loss of spheres in disor-
dered layers of silica CCs. No detachment of spheres is observed in the 
well-ordered layers. 
 
 
 than in its absence (T  120 ºC). We also found this trend 
in other works on water-controlled adsorption 
[135,144,177 ], which suggests high sensitivity of the 
resulting force to slightly dissimilar water necks along a 
single experimental series. The CC strength clearly re-
duced from ‘wet’ to ‘dry’ state about a factor of two. 
Similar factors are reported in numerous pull-off force 
experiments between relatively smooth surfaces 
[136−138,144,178]. This suggests that this remarkable 
‘dry adhesion’ is due to van der Waals attraction, which 
increases when water desorption proceeds, because 
spheres surfaces approach close contact and the Hamaker 
constant is about ten times larger in air. Hence, the fric-
tion between sliding spheres is probably less significant. 
It must also be considered that vanishing amounts of 
strongly bonded water could persist at T  120 ºC and 
lead to non-negligible capillary adhesion [136,179]. In 
any case, the non-collapse of cohesion supports that ba-
sically all neighboring spheres are in close contact after 
dewetting, which is allowed by the well-ordered opal 
arrangement (H and E are measured at low penetration 
depths, so distortion of the bulk fcc packing is negligi-
ble). Thus, the number of necks (and, later, of dry con-
tacts) can be considered approximately constant (equal to 
12) along the whole experiment. It also indicates that 
spheres roughness, which would radically preclude me-
niscus formation at low water contents and reduce the 
dry contact surface [180], is not determining in the CC 
features. Both aspects, not fulfilled in powders or granu-
lar matter, are crucial to simplify quantitative analysis in 
studies performed on CCs. 
The strength difference between wet and dry states 
evidences that the existence of capillary bridges clearly 
increases the opal cohesion. Within the wet range, H and 
E seem to diminish with decreasing water content before 
complete desorption but the trend is not sufficiently con-
clusive. Nevertheless, it can be assessed that the CC co-
hesion varies less pronouncedly than the amount of water. 
Correlation of the macroscopic cohesion of an ensemble 
with the interparticle forces has not satisfactorily been 
resolved to-date. The classical Rumpf model [33] simply 
describes the tensile strength  of a disordered granular 
assembly as proportional to the interparticle bond 
strength F exerted by an individual bridge, assuming 
equal bridges and particles size D and known coordina-
tion number. These assumptions are generally unrealistic 
in particulate systems but true in a CC. For instance, by 
considering yielding along the (111) plane of an ideal fcc 
packing, the CC hardness is given by H = 3 = 18F/D2 
[162]. Often, F is assumed to be mainly due to capillary 
force, as in assemblies with relatively large particles 
bound by low-viscous bridges [33]. However, the en-
semble strength can be importantly augmented by dissi-
pative contributions like interparticle friction and viscous 
forces [33,118]. 
Indeed, F ~ 900 nN is obtained for the CC from the 
experimental H ~ 150 MPa, which largely surpasses the 
value of Fcap ~ 60 nN for a single capillary bridge (see 
Eq. (2) below). This discrepancy is quantitatively less 
because, on the one hand, the expression of H, which is 
deduced from the tensile strength, may significantly 
overpredict F in a compressive experiment like 
nanoindentation [118], and also neglects the force chains 
[34], surely important in the CC. On the other hand, if 
the actual meniscus radius r were smaller than expected, 
as we already observed in 900-nm spheres (Figure 9), the 
calculated Fcap would increase (Eq. (2)). In any case, this 
estimate shows that the ‘shear resistance’ of each sphere 
contact against deformation of the CC in the wet range is 
largely due by friction and viscous forces, probably dom-
inating over capillary interaction. In this sense, F would 
approach the dynamic liquid bridge force, which is the 
sum of capillary and viscous forces [156,157]. To evalu-
ate how these mechanisms correlate with the characteris-
tics of the bridge, whose viscosity is unknown, thick-
ness-dependent and probably much higher than that of 
bulk water, is a challenging issue to be tackled in the 
future. 
In spite of not knowing the weight of capillary forces 
in silica CCs cohesion, the precise information of the 
water necks we gathered gives an opportunity to evaluate 
the progress of Fcap exerted by an individual bridge upon 
desorption (Figure 17c), and juxtapose with the micro-
mechanical strength. It eventually concerns how behaves 
Fcap between micro/nanometric surfaces, where D is too 
small to justify the standard approximation. A compact 
expression for a pendular bridge is given by [49,124] 
Fcap = R(1+R/r),    (2) 
 
 
Figure 17 (a, b) Dependence of hardness H and modulus E of a silica 
CC with the water content, measured by temperature-controlled 
nanoindentation at hmax = 600 nm and rate 50 μN/s. (c) Left axis (open 
symbols): capillary force Fcap individually exerted by the water meniscus 
between two CC spheres, considering either constant or temperature-
dependent surface tension  (squares and triangles, respectively); right 
axis (solid circles): meniscus radius r as calculated from the bridge pa-
rameters (Figure 6) obtained from the PBG method. Data in (a, b) are 
taken from Ref. 161 and represented against water content as calculated 
from T in the original experiment and using TGA from Figure 2a.  
 
 
 which explicitly shows the dependence with the bridge 
size (through R) and curvature (through R and r. (Note 
that Eq. (2) slightly varies depending on which point of 
the bridge is considered to evaluate Fcap [33]). Empirical 
demonstration of these dependences is actually lacking in 
the literature because of the inaccessibility of the necks 
characteristics at small scales. Most studies, both exper-
imental and theoretical, actually investigate Fcap as func-
tion of the relative humidity, where the bridge volume is 
unknown and must be assumed from theoretical adsorp-
tion and capillary condensation. Moreover, these stand-
ard approaches appear to fail in predicting the bridge 
morphology in a particulate system such as the CC, as 
discussed in Sections 3.1 and 3.2. Here, in contrast, Fcap 
between any two opal spheres is directly calculated from 
Eq. (2) and the known {d, R, } parameters (Figure 6). 
Unfortunately, since the meniscus radius r is not provid-
ed by the PBG method, the calculation is limited by the 
necessity of imposing a bridge profile, in our case, a to-
roidal interface (the abovementioned circular approxima-
tion). The resulting r (solid symbols in Figure 17c) de-
creases for smaller bridges, and consequently Fcap shows, 
by taking = 0.072 N/m, a general increase upon desorp-
tion until it drops to zero by no water at all (open 
squares). However,  significantly decreases with tem-
perature [179], which is important for heating experi-
ments. By taking this fact into account, an overall but 
slight (about 10%) decrease of Fcap is obtained in the wet 
range, except at vanishing water contents when Fcap di-
verges (open triangles in Figure 17c). Note that same 
trends are also obtained using more sophisticated expres-
sions for Fcap [7,181]. 
Most literature on experimental adhesion between 
small, individual surfaces shows decreasing Fcap with 
decreasing water volume, at least below a certain amount 
(in humidity experiments, below 30–60% RH) 
[108,136,138,144,177,178,182]. Disparate and system-
specific behaviors have also been reported, sometimes 
explained by micro/nanoscopic features like surface 
roughness precluding meniscus formation at very low 
amounts of water [138,180,183], influence of the wetting 
film [181,184] or behavior of the confined water layers 
[88]. The counterintuitive increase of Fcap with shrinking 
bridge in Figure 17c (for constant ) must be attributed to 
the circular approximation, according to which the de-
crease of r dominates over that of R
2
 upon volume reduc-
tion (see Eq. (2)). The toroidal assumption also leads to a 
divergent Fcap for vanishing water contents, which 
should have been noticeable in CC cohesion; however, 
clearly lower values were measured below 0.5 wt.% 
(Figures 17a,b). As mentioned earlier, the capillary 
bridge contour probably deviates from a toroid at submi-
cron scales. More importantly, the formulation employed 
derives from a continuum description of the liquid bridge, 
which must gradually fail under certain volume. In fact, 
calculations of the exact profile of nanomenisci lead to 
decreasing Fcap for decreasing bridge volume 
[88−90,185]. 
The analysis here performed exemplifies how the 
simplified features of opals allow progresses in under-
standing cohesion in particulate media, but it remains a 
complex task. Dissipative interparticle forces may im-
portantly contribute to the strength of an ensemble, due 
to friction and, probably to a larger extent, viscous forces 
generated by the nm-thin capillary bridges between par-
ticles. Dissipation caused by rupture of bridges must also 
be considered. Quantitative description of capillary forc-
es needs to be further improved, for which the meniscus 
curvature is a critical parameter. Direct access to bridge 
characteristics would be greatly helpful but difficult, es-
pecially at small scales, for which the one-pulse CVD, 
applicable to any system, emerges as a useful empirical 
tool for meticulous SEM examination. Finally, though 
system-specific, one should not forget water-assisted 
phenomena like softening, dissolution or corrosion that 
affect granulates cohesion through e.g. plastic defor-
mation of grain asperities (larger contact area), crystalli-
zation of solid bridges or chemical change of the surface 
[28,167]. Some of these processes may contribute to ag-
ing in humid granular materials [39,186]. 
3.3.2. Rheology and Rate Dependence 
Flow in powders, granular materials or suspensions is 
typically investigated by shear experiments [37,170]: the 
medium is sheared between two rough walls moving at a 
relative shear rate and the shear stress developed tan-
gentially to the motion (i.e. the resistance to yielding) is 
measured. In contrast, information about rheology of 
CCs has been accessed so far only through nanoindenta-
tion [161], whereby the micromechanical performance is 
tested for varying rates of compressive loading. Regard-
less the experimental approach, the essential aspect of 
how the material response depends on the velocity of 
deformation is obtained, and, thus, the frictional or vis-
cous behavior of the system is determined. In any case, 
contrary to dry granular media and suspensions, rheology 
and rate-dependent deformation in wet particulate sys-
tems [30,31,40,116,156,157,187 ,188 ] have been little 
investigated, so the CC offers a good opportunity to gain 
insight into them. 
P–h curves (Figure 15a) readily demonstrate that the 
CC is more resilient to yielding (steeper loading curves) 
upon growing load rates and, correspondingly, H and E 
increases with the rate (Figure 15b). Such rate-dependent 
performance evidences a marked viscoplastic response 
[161] and is comparable to the behavior usually observed 
in dense suspensions [159,160] or capillary suspensions 
[31], in which the shear stress increases with the shear 
rate. Typically in nanoindentation experiments, the vis-
cous character of a medium is revealed by the occurrence 
of creep displacement h (Figure 15a) [169]. Creep is 
consequence of the retarded reaction of the material, 
which remains flowing in response to the deformation 
energy stored in the structure during the loading; hence, 
the creep depends on how fast the stress has been in-
duced. In a viscous medium, h is larger and evolves 
faster with increasing load rate. Measurements on opals 
[161] demonstrate, at ambient conditions, both large and 
remarkably rate-dependent h (black solid symbols in 
Figure 18a), and the creep dynamics clearly speeds up 
with the load rate (lines in Figure 18b). These facts 
straightforwardly endorse the viscous nature of yielding 
 in wet CCs. Moreover, temperature-controlled 
nanoindentation allowed to follow the creep behavior as 
function of the water content [161]. Indeed, h and its 
rate dependence, manifestly decrease in heated, that is, 
drier CCs (Figure 18a). The remnant creep observed at T 
≥ 120 ºC (or 0 wt.% water) can be compared to the vis-
coplasticity exhibited by dense dry granular media at 
rates high enough [37].  
Such behavior demonstrates the key role of water in 
the CC viscosity, though it remains to question how it 
causes the rate-dependent response. In granular materi-
als, rate dependence may occur because of slow for-
mation of capillary bridges, due to slow condensation 
with characteristic times of several minutes [39,40,111], 
or viscous transport of the liquid across the pores net-
work [80,189] through ~ 100-nm-thick wetting films on 
micron-sized grains. However, in the experimental time 
scale, bridge evolution in the CC would not explain the 
viscous behavior. On the one hand, water adsorption in 
silica CCs is fast, with characteristic times of less than ~ 
1 s (Section 2.2) or even milliseconds [190]. On the other 
hand, the high viscosity of water in the nanometer-thick 
wetting films would preclude significant macroscopical 
flow across the opal. In any case, slow bridge develop-
ment causes the formation of less and smaller bridges 
(lower Fcap) during particles flow and leads to lower 
resistance deformation at increasing rates, a trend which 
is the opposite to that found in the CC (Figures 15a,b). 
As expressed above, although dense particulate media 
are in general viscoplastic, dry materials show a rather 
frictional-dominated behavior while dense suspensions 
exhibit viscous-dominated response because of the vis-
cosity of the interstitial liquid and the lubricated contacts 
between grains [158,159]. Interestingly, rheology of both 
systems can be described with a common framework by 
properly substituting the inertial time scale by a viscous 
time scale including the viscosity of the fluid phase 
[160]. Unsaturated wet granular media represent a differ-
ent scenario, where the more or less viscous liquid forms 
capillary bridges. Like any thin fluid film between mov-
ing particles, the bridge generates a viscous force, which 
is repulsive when the particles approach or attractive 
when they separate, and whose magnitude increases with 
both liquid viscosity and interparticle velocity [124]. 
Moreover, the capillary force exerted by the bridge may 
increase the interparticle friction or decrease it, if the 
liquid viscosity or the deformation rate is high enough to 
prevent solid-solid contact [153,156,158]. Hence, there 
exists a complex interrelation between forces, which can 
be treated by means of the capillary number Ca = 
D/cos ( is the liquid viscosity and  is the rate) as 
the ratio of viscous to capillary forces [33]. Thus, the 
viscous response is more pronounced in the system when 
Ca>1. Such systems typically show increasing stress 
(resistance to deformation) at increasing rate, which 
leads to higher viscous force. Additionally, the energy 
dissipation due to rupture and formation of bridges be-
tween moving particles increases with both liquid viscos-
ity and separation velocity [157], also leading to higher 
yield stress at faster deformation rates. Only a few stud-
ies have investigated these mechanisms causing rate de-
pendence in unsaturated granular media containing rather 
large amounts of highly viscous liquids 
[33,156,157,187]. 
We propose the rate-dependent behavior of CCs to be 
caused by the viscous response generated by the nm-thin 
moisture-originated capillary bridges. As shown, an in-
crease of both the mechanical cohesion and the visco-
plastic response upon faster strain rates is observed the 
wet silica CC. Indeed, the expected high viscosity of 
confined water would justify that the thin (12 nm, and 
less under stress) water nanomenisci exhibit such a vis-
cous response (but remaining fluid) to render the CC 
viscous flow behavior. From the analysis in the previous 
Section, the opal strength suggests that nanomenisci ex-
ert a viscous force larger than the capillary force, leading 
to Ca > 1. This behavior could be linked to the rate-
dependent and viscous liquid-like mechanical perfor-
mance of more confined water [142]. In the CC, the sys-
tem viscosity reduced, from wet to dry, progressively 
with the amount of water. This becomes evident by rep-
resenting the h data [161] as function of the decreasing 
water content (Figure 19a, solid symbols), which sug-
gests that the viscous response of the CC correlates with 
the volume of bridges. 
Undoubtedly, the exact physical process inducing vis-
coplasticity must be further investigated. In order to as-
sess the role of the nature of the particles contacts, an 
interesting and simple approach is investigating the rhe-
ology of CCs subjected to one-pulse CVD [161]. There-
by, the spheres are rigidly bonded by silica necks, easily 
providing a ‘nongranular’ replica for direct comparison 
with the original opal. The creep behavior (Figure 19) 
demonstrates non-viscous system response as it exhibited 
vanishing rate-dependence and small, slow h (close to 
that of the opal at the lowest rate). Such drastically dif-
ferent performance compared to that of regular CCs even 
after dewetting shows the fundamental role of the partic-
ulate character in the system rheology. Besides, this dis-
tinction increases linearly with the degree of hydration, 
as the liquid bonds, contrary to rigid bridges between 
spheres, generate rate-dependent forces in the material. 
The water adsorbed on the CVD-silica of the nongranu-
 
Figure 18 (a) Dependence of the creep displacement Δh with the load 
rate measured by temperature-controlled nanoindentation (dwell time of 
60 s) at load rate 50 μN/s on bare (solid symbols) and a CVD-infiltrated 
(empty symbols) silica CCs. Lines are linear fits. (b) Normalized transi-
ent creep h(t) measured at 25 ºC in bare silica CCs with increasing 
rates, and in the ´nongranular’ CC (at 50 μN/s –no rate-dependence 
was observed). Adapted from Ref. 161 with permission. 
 lar CC (approximately in the same amount as in the regu-
lar opal) caused no rate dependence, since it does not 
affect the cohesion of the crosslinked (nonparticulate) 
ensemble. Consistently, no significant variation was 
measured upon removing this water by heating (Figure 
19a, empty symbols). Transition from granular to 
nongranular behavior has also been investigated by pro-
gressively solid-bonding the CC spheres by sintering or 
atomic layer deposition [162]. 
To conclude this Subsection, a relevant aspect related 
to rheology in particulate materials such as energy dissi-
pation upon (plastic) deformation must be mentioned. 
This is an important aspect in many practical issues, 
from impact absorption to digging [191,192], and it is 
ultimately related to the effective viscosity of the system 
in response to stress. In wet particulate media, capillary 
bridges play a central role since they not only generate 
friction and viscous forces but also their rupture and re-
formation during strain is a hysteretic, dissipative pro-
cess [154,157]. In CCs, energy dissipation has been stud-
ied by means of the plastic work WP obtained from 
nanoindentation, which measures the irreversible distor-
tion of the spheres packing (Figure 15a) [161]. Figure 
19b demonstrates a clear rate dependence (WP increases 
one order of magnitude by rising the strain rate in two 
decades), which evidences the viscous nature of dissipa-
tion due to the CC nanomenisci. For sake of comparison, 
WP measured in the opal is comparable to the highly ab-
sorbing polymer foams and periodic epoxy nanoframes 
[161]. Such performance is consistent with the most-
compact packing of the CC leading to highest number of 
liquid necks and with the marked viscoplastic behavior 
exhibited by them. Along with the fact that CCs them-
selves may be efficient impact-absorbing materials, their 
controllable parameters (water content, hydrophilicity, 
order) can help study the role of liquid bridges in dissipa-
tive particulate media. In particular, rate-dependent sys-
tem viscosity is an active research subject in colloidal 
and granular science [132], related e.g. to shear thicken-
ing (viscosity increase with shear rate), which is desira-
ble for damping or protective materials [193] but unfa-
vorable for many industrial processes. The opposite be-
havior (shear thinning) leads, for example, to devastating 
phenomena like landslides. 
 
Micromechanics of colloidal ensembles is still practi-
cally unknown and much progress is to be done in the 
next future. Desirably, such advances will help under-
stand dense granular flows in unsaturated powders and 
granular materials. For example, the contribution to 
granular rheology of highly viscous nanomenisci due to 
water adsorption, ignored so far, should be explored. The 
fact that moisture affects the mechanical response of 
granular materials suggests that such influence is not 
negligible. Powerful numerical tools for investigation of 
force networks and granular flows like the discrete ele-
ment method have a great difficulty in assuming a distri-
bution of the liquid, in particular, the liquid fraction 
forming bridges and their shape [46,172, 194 ]. Since 
these factors are achievable in silica CCs, accurate simu-
lations can be compared to opal mechanical perfor-
mance, and, in turn, it may help refine the modeling of 
such aspects. More generally, a better connection be-
tween macroscopic experiments used for granular-like 
systems and microscopic techniques like nanoindentation 
is needed. The fact that CCs exhibit ‘granular’ features 
points to parallelisms between the different systems irre-
spective the distinct scales and peculiarities. Certainly, 
some CC characteristics drastically differ from those of 
general particulate media, like the high compactness or 
the crystal-like structure. But even these diverging as-
pects can be useful if considered as extreme cases of in-
terest, like the fcc packing related to the behavior of 
jammed systems. The versatile disorder degree of CCs, 
which is controllable from ideal fcc compacts to perfect-
ly random assemblies (photonic glasses) [114], is an at-
tractive advantage to study the role of parameters like 
coordination number or packing density, which are hard-
ly tractable in general particulates. To what extent such 
parallelisms can be established must still be elucidated. 
Finally, we must allude to an important case that has 
been not covered, namely, when the amount of wetting 
liquid progressively increases in the CC up to fully im-
mersion of the spheres. The opal, then, passes from pen-
dular to funicular state (capillary bridges begin to coa-
lesce) until reaching capillary and slurry states, in which 
the gas phase is displaced by the liquid, turning into a 
two-phase system. The ensemble cohesion saturates at a 
certain point of the funicular state and drops in the binary 
state as the capillary action vanishes [30,31,33,36]. The 
exact evolution of cohesive and rheological properties of 
the CC throughout these regimes is of interest as it con-
nects, on the one hand, to dense suspensions. These are 
an outstanding class of materials in industry and technol-
ogy, ranging from paints or fresh concrete to many food 
products, and consequently a great effort has been made 
in recent years to know better their rheology. A related 
material, close to immersed CCs, are matrix-embedded 
nanocolloidal films, which are relevant for electronic and 
optical applications and whose micromechanical proper-
ties begin to be investigated [195]. On the other hand, 
 
Figure 19 (a) Dependence of the creep displacement Δh with the water 
content measured by temperature-controlled nanoindentation (load rate 
of 50 μN/s and dwell time of 60 s) on bare and CVD-infiltrated (nongranu-
lar) silica CCs (solid and empty symbols, respectively). Lines are linear 
fits. (b) Plastic work WP measured by nanoindentation on a bare silica CC 
at 25 ºC and load rates of 5, 50, and 500 μN/s (black, green and orange 
symbols, respectively). Data in (a) are taken from Ref. 161 and repre-
sented against water content as calculated from T in the original experi-
ment and using TGA from Figure 2a. (b) is adapted from Ref. 161 with 
permission. 
 
 both loss of stability and drastic rheological changes may 
be qualitatively understood in liquid-filled granular me-
dia and soils [196] but many quantitative aspects are still 
not accessible [36], in spite of being of obvious interest 
in civil engineering or geology. Such lack of precise un-
derstanding is tragically proved by the to-date unpredict-
ability of catastrophic phenomena like landslides [197]. 
The study of less-cohesive states in CCs can be an useful 
approach to investigate the mechanical behavior of satu-
rated particulate media. 
4. Conclusions 
The understanding of the behavior of water in small 
environments represents an outmost complex but stimu-
lating task in materials science and technology. In spite 
of the great interest for numerous aspects in both scien-
tific and industrial fields, our knowledge of many related 
topics is still poor, especially those affecting particulate 
systems. Undoubtedly, a major difficulty is the deficit of 
experimental approaches to investigate liquid-solid phe-
nomena in micro/nanometric disperse media. In view of 
recent advances, we have described how colloidal crys-
tals constitute a simple, advantageous lab-on-a-chip to 
gain new insight into water interactions within submi-
cron spheres assemblies. Their unique structural charac-
teristics allow the development of original techniques 
that configure an incipient research area to address fun-
damental aspects of nanoconfined water. We have de-
scribed aspects of CCs that are relevant in diverse, ap-
parently disconnected areas at different scales, and em-
phasized open questions concerning all these fields that 
must be further explored by upcoming studies. Latest 
results open interesting perspectives on general wet par-
ticulate media like granular materials, which render CCs 
a kind of ‘nano-sand’ with promising utilities. 
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